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Abstract 
Numerous information visualization techniques are available for utilizing and analyzing large data. Among these techniques, 
network visualization, which employs node-link diagrams, can determine the relationship among multi-dimensional data. 
However, when data become extremely large, visualization becomes obscure because of visual clutter. To address this problem, 
many edge bundling techniques have been proposed. However, although graphs present several edge types, previous techniques 
do not reflect these edges. In this paper, we propose a new edge bundling method for multi-type co-occurring graphs. In this 
method, electro-static forces work between each pair of edges; however, if the edges are of different types, then repulsion works 
between pairs. By bundling edges of the same type, a graph can more clearly show relationships among data. Qualitative 
evaluation through questionnaires lead to useful knowledge, i.e., the proposed method improves bundling performance more 
extensively than other related work. 
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1. Introduction 
Information visualization is becoming increasingly important in data interpretation and effective information 
communication1,2. Information visualization is a means of presenting data clearly by using elements and effects, 
such as diagrams and animations, after performing preprocessing, such as clustering. It enables observers to 
instinctively recognize the relationships among data that cannot be observed simply by looking at numerical data. 
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A common technique in information visualization is node-link diagrams3, which enable observers to recognize 
data by simply showing their relationships through connected links. However, as the number of nodes and links 
increases, graph visibility decreases because visual clutter forms as the amount of data increases. This phenomenon 
is becoming increasingly pervasive, especially in today’s big-data era. 
The graph layout approach has been proposed to reduce visual clutter 4. Graph layout approach changes attributes, 
such as the arrangement of elements and type of line (line or curve). By correctly rearranging nodes, graph visibility 
increases to a certain degree. However, this approach cannot solve the problem encountered when a graph has 
enormous edges. A new approach called edge bundling has been proposed to address this issue5, 6, 7. This method 
enables observers to recognize the main stream of edges through bundle edges based on certain rules. For example, 
several methods based on the hierarchical structure of nodes5, parallel coordinates6, mechanical models, and so on7, 
have been proposed. The mechanical bundling method presented in previous work has succeeded in improving 
graph visibility by making edge bundles clear. 
Some graphs have multi-type edges. For example, for an air route diagram in which nodes are airports and links 
are air routes, differences in airline companies can be invested to edges as attributions. In another example, trend 
information can be expressed as different types in FACT-Graph8. In this graph, the edge color is categorized based 
on the appearance from past to present, and many edges with different colors are illustrated in the graph. However, 
previous edge bundling methods do not consider type differences. Thus, previous methods do not represent all of the 
information in a graph. 
In this paper, we propose a new edge bundling method to treat multi-type edges; this method bundles the edges of 
each type and increases graph visibility. We demonstrate this proposal method on a co-occurring graph rearranged 
using the Kamada–Kawai algorithm9, which is representative of force-directed graph layout algorithms. We also 
evaluate the visibility of illustrated graphs qualitatively via a web questionnaire. 
2. Related works 
2.1. Force-directed edge bundling 
 
Fig. 1. A spring force works between ݌௜ିଵ and ݌௜ and between ݌௜ and ݌௜ାଵ. An attractive force also works between ݌௜ and ݍ௜. 
Holten et al. proposed force-directed edge bundling (FDEB)10. In this method, edges are considered as a spring 
with several control points, and edges are bundled by an attractive force between points based on Hooke’s law. 
However, when the force is too strong, the edges are bundled excessively and node-link diagrams present incorrect 
relationships. To solve this problem, Holten at el. introduced a compatibility measure that works for the force 
between incorrect pairs of edges. This method has been applied to undirected and single edge type graphs. 
A spring force ܨݏ that works at ݌݅ is presented as follows: 
ܨ௦ ൌ ݇௣ ή ሺԡ݌௜ିଵ െ ݌௜ԡ ൅ ԡ݌௜ െ ݌௜ାଵԡሻ ൅ σ
஼೐ሺ௉ǡொሻ
ԡ௣೔ି௤೔ԡொאா
   (1) 
where the control points are ݌௜ିଵ, ݌௜ , ݌௜ାଵ, and ݍ௜ in edges P and Q, ݅ is the index of the control point (1 < ݅ < ݊), 
݇௣is the spring constant, and ܥ௘ሺܲǡ ܳሻ is the compatibility between P and Q. 
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2.2. Divided edge bundling 
 
Fig. 2. Potential minimum ௝݉ moves to the right side of edge Q when P and Q approach opposite directions. Coulomb’s force is calculated based 
on ௝݉. 
Selassie et el. improved FDEB and proposed divided edge bundling11. The latter uses directed and single edge 
type graphs as objects of bundling. In addition to spring force, Selassie at el. proposed Coulomb’s force based on the 
potential in which the variable is the distance between control points ݌௜  and ݍ௝. Control point ݌௜  is attracted to point 
௝݉, which is the potential minimum point. When edges P and Q approach opposite directions, ௝݉ moves to the right 
of edge Q. Hence, Coulomb’s force changes according to the current pair of edge attributions. 
Selassie at el. also introduced the parameter of compatibility, which depends on the number of edges in the 
minimum length path between edges P and Q. As a result of this parameter, bundling for graphs with several 
subgraphs is strictly limited. 
Potential minimum ௝݉ and Coulomb’s force ܨ஼ that work at ݌௜  are defined as follows: 
 
௝݉ ൌ ൜
ݍ௝
ݍ௝ ൅ ݈ ௝ܰ  
ሺ݂݅ܲ ή ܳ ൐ Ͳሻ
ሺ݂݅ܲ ή ܳ ൏ Ͳሻ       (2) 
 
ܨ஼ ൌ
ି௦௞಴
గ஼ቀ௦మାห௣೔ି௠ೕห
మቁ
మ         (3) 
where l, ݏ, and ݇௖ are the parameters, ௝ܰ is the vector that defines the direction of ௝݉, ݆ is the index of the control 
point (1 < ݆ < ܥ), and ܥ is the number of control points. 
3. Edge bundling method for graphs with multi-type edges 
3.1. Approach 
In this paper, we assume three edge types: A, B, or C. Types A and B oppose one another, while Type C can 
belong to both classes. Hooke’s law and gravitational force work between all pairs of edges. In addition, Coulomb’s 
force works between pairs of the same attribution as an attractive force and between pairs of different attributions as 
a repulsive force. Based on these forces, edges are bundled by the same edge type. 
3.2. Compatibility 
Some pairs of edges are not suitable for bundling. We thus introduce compatibility measures proposed in related 
works to consider these pairs. In Holten’s method, compatibility is calculated by the angle, scale, position, and 
visibility of pairs. In Selassie’s method, compatibility is measured by the shortest path of edges, which severely 
limits bundling in disjoint edges.  
In the current study, we introduced Holten’s compatibility measure because graph visibility is assumed to 
become clear when weights are added to improper pairs of edges. In this case, graph visibility becomes low when 
attractive
repulsive
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sparse parts of the graph are forcibly bundled. Furthermore, bundling disjoint edges in our data set is unnecessary. 
Therefore, we also introduced Selassie’s compatibility measure. 
3.3. Force of control point based on a potential minimum 
We note that the direction of edges can be translated into the attribution of edges; hence, Coulomb’s force is 
customized in our method. We defined mj and Tj as follows to represent differences in the bundles of each 
attribution more clearly: 
௝݉ ൌ ൜
ݍ௝
ݍ௝ ൅ ݈ ௝ܶ  
ሺ݂݅ܲܽ݊݀ܳܽݎ݁ݐ݄݁ݏܽ݉݁ݐݕ݌݁݁݀݃݁ሻ
ሺ݈݁ݏ݁ሻ  (4) 
௝ܶ ൌ ቄ
݌௜ െ ݍ௝
ݍ௝ െ ݌௜  
ሺ݂݅ܲܽ݊݀ܳܽݎ݁ݐ݄݁ݏܽ݉݁ݐݕ݌݁݁݀݃݁ሻ
ሺ݈݁ݏ݁ሻ  (5) 
where ௝݉ is the potential minimum, and ௝ܶ is the direction of the force and ௝݉.  
    Handling edges as a spring is assumed to be practical. Hence, Hooke’s law works in our method according to 
Equation (1). Moreover, customized Coulomb’s force ܨ஼ᇱ works. ܨ஼ᇱ at ݌௜  is defined as follows: 
ܨ஼ᇱ ൌ ݂ሺܬ௉ሻ ή
்ೕ
ห்ೕห
ή ି஼೐ሺ௉ǡொሻ௦௞಴ห௣೔ି௠ೕห
గ஼ቀ௦మାห௣೔ି௠ೕห
మቁ
మ  (6) 
݂ሺܬ௉ሻ ൌ ߙ ή ܬ௉ ൅ ߚ (7) 
where ݏ, ݈, ߙ, and ߚ are the parameters, ݇௣ is the spring constant, ݇஼ is the Coulombic constant, ܥ is the number of 
control points, ܬ௉ is the weight of the current edge, and ܥ௘is the compatibility between edges P and Q. 
    Considering the idea that an important edge should be the center of the bundle, we adopt edge weight into the 
force via ݂ሺܬ௉ሻ. Total force ܨ஼ at point ݌௜  is as follows: 
ܨ஼ ൌ ൜
ܨ௦
ܨ௦ ൅ ܨ஼ᇱ
  
ሺ݂݅ܲ݋ݎܳ݅ݏܶݕ݌݁ܥሻ
ሺ݂݅݈݁ݏ݁ሻ  (8) 
      When the current pair of edges contains attribution C, the force only behaves as a spring force. When the pair 
consists of the same edge type, Coulomb’s force works with an attractive force and the pair is bundled tightly. When 
the pair consists of different edge types, the force at work is repulsion.  
4. Example 
4.1. Data set 
We show a graph of editorial articles from two newspapers as an example. Given that similar topics are probably 
selected during the same period regardless of newspaper, investing different attributions into a co-occurrence graph 
from different editorial articles of each newspaper is easy.  
We draw co-occurrence keyword graphs using data from the 2008 editorial articles of Asahi and Yomiuri 
newspapers, and then draw a compound graph from the two co-occurrence graphs. We apply our method to the 
compound graph. The total number of keywords is 200 for each newspaper. We use the Jaccard index as a co-
occurrence degree, and its threshold is 0.25. When we draw the compound graph, we allocate the types “Asahi,” 
“Yomiuri,” or “Both” into the edges. Type indicates in which graph an edge appears on. “Asahi” and “Yomiuri” 
oppose each other, and “Both” can belong to both types. Total extracted keywords and edges are provided in Table 1, 
and bundling parameters are described in Table 2. 
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    The coordinates of the nodes must be determined arbitrarily because this data set does not include location 
information. Our method uses the force based on the law of dynamics. Consequently, we determine their coordinates 
by using the Kamada–Kawai algorithm. This algorithm is also based on the law of dynamics. 
4.2. Results 
This section compares the result of our method with that of another method. In all results, red edges indicate 
“Asahi,” blue edges indicate “Yomiuri,” and green edges indicate “Both.” The objective of this paper is to 
demonstrate edge bundling; hence, the following results do not show the keywords of the nodes.  
Diagrams before and after bundling are depicted in Figs. 3 and 4. In our method, the repulsion force between the 
red and blue edges works well. thus, edges are separated and bundled individually, as shown in the upper right area 
of Fig. 4. Compared with FDEB, our method can better represent graph attributions. In addition, a red node with 
numerous edges is observed in the upper right area. This node does not appear in the diagram before bundling. 
Accordingly, our method can reveal hidden nodes, that is, hidden knowledge and relationships. 
 
 
 
Fig. 3. Diagrams from the editorial data: (a) Before bundling, (b) after FDEB is applied, and (c) after application of our method, which considers 
attributions. 
Table 1. Total of the extracted keywords and edges 
 Asahi Yomiuri Compound 
Keywords 200 200 138 
Edges 269 264 412 
Table 2. Parameter configuration in the example. 
݇௣ ݇஼ ݏ ݈ ߙ ߚ 
10.0 4.0×104 50.0 0.70 0.5 0.5 
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Fig. 4. Enlarged view of the upper right area. Left: Before bundling. Right: Result of the proposed method. The blue and red edges are evidently 
bundled individually. 
5. Qualitative Evaluation 
5.1. Evaluation environment  
To evaluate the usability of our method qualitative, we administered questionnaires to 69 students in Osaka 
Prefecture University via the Internet.  
In this questionnaire, we showed three graph drawing results, including (from left to right) the original graph, the 
FDEB graph, and the proposed method graph (see Fig. 5). We named the figures 1, 2 and 3. In the environment, we 
gave the participants the following instructions. 
x (Instruction 1) Arrange three figures in easy-to-see order. 
x (Instruction 2) Choose one figure that can bundle the edge for each color most efficiently. 
The first instruction aimed to evaluate graph visibility. The second instruction evaluated bundling performance. 
In the second instruction, the order of figures is not asked because only two bundling figures are available. We used 
the editorial graphs shown in Section 4 and gave these instructions to participants 10 times. Results were analyzed 
thereafter. 
5.2. 5HVXOW 
First, we checked differences in visibility through the responses provided for Instruction 1. Fig. 6(a) shows a box 
chart of the result of Instruction 1. The vertical axis shows the choice rate for each method, and the figure shows that 
all cases are similar. Fig. 6(b) shows a box plot of the qualitative evaluation of Instruction 2. The vertical axis in this 
figure is identical to that in Fig. 6(a). The figures reveal that our proposed method has the highest bundling 
performance among the methods tested.  
Results reveal that bundling performance and visibility are not correlated. Also, the original graph, rather than 
the other methods, works well. Many participants chose different figures in the case of bundling performance and 
visibility. 
Here, we investigated the coincidence rate between visibility and bundling performance. Coincidence rate refers 
to the percentage of participants who consider that same figures are best in both instructions. Results are shown in 
Fig. 7. In this figure, the vertical axis shows the number of participants and the horizontal axis reveals the degree of 
coincidence. Two distributions and borders of around 0.7 exist. Therefore, we divided the two groups by 0.7 and 
checked the tendencies in the same manner. 
The results of the two groups for Instructions 1 and 2 are shown in Figs. 8(a, b) and 9(a, b). Figures tagged (a) 
indicate the box plot of the high-coincidence rate group, and figures tagged (b) indicate the box plot of the low 
coincidence rate group. The tendencies between Figs. 8(a) and 8(b) are different, but the tendencies between Figs. 
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9(a) and 9(b) are similar. The visibility of the proposed method is best in the same of bundling performance 
especially in the high-coincidence rate group. In the low-coincidence rate group, the visibilities of the proposed 
method and FDEB are poorer than that of the original figure. That is, visibility after edge bundling in this graph 
layout often deteriorated.  
 
Fig. 5. Screen image of the questionnaire. 
   
Fig. 6. Box plot of questionnaire result: (a) Rate of those who chose the figure the seems to be most easy-to-see for each Instruction 1, 
(b) rate of those who chose a figure that seems to bundle edges effectively for each in method Instruction 2. 
 
 
Fig. 7. Number of persons for each coincidence rate. 
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Fig. 8. Box plot of Instruction 1 (Sample 27): (a) High-coincidence rate group (>=0.7) and (b) low-coincidence rate group(<0.7). 
 
  
Fig. 9. Box plot of Instruction 2 (Sample 42): (a) High-coincidence rate group (>=0.7) and (b) low-coincidence rate group (<0.7). 
6. Conclusion 
In this paper, we proposed a multi-type edge bundling method to improve diagram visibility. Our method 
combined and improved related works, and then bundled edges by individual type. To summarize, we obtained the 
following useful knowledge: 
(1) The bundling performance of our proposed method is better than that of FDEB. 
(2) No significant difference in visibility may be observed between bundling method (FDEB and our method) 
and non-bundling method (original). 
(3) In high-coincidence rate groups, the tendencies of visibility and bundling performance are similar and the 
visibility of our proposed method is the best among the methods tested. In low-coincidence rate groups, the 
visibility of our proposed method is the poorest and that of the original method is the best among the 
methods tested. 
Future work could include the following considerations. 
Application to other networks. In this paper, a node is drawn by the Kamada–Kawai algorithm. However, our 
evaluation showed that visibility is often lost by the layout. Therefore, applying our method to other networks with 
other layouts, such as real networks or those with location information, is necessary. 
Extension of our method. Our method defines edge types as two types that oppose each other and another type 
that can belong to both groups. However, a graph with more than three types that oppose one another probably 
exists. Extending our method to such graphs is worthwhile. 
Introduction of an evaluation index. Several edge bundling techniques are available. However, a valid evaluation 
index for edge bundling remains lacking. Users must decide which technique to apply by comparing results. By 
introducing an evaluation index, users can choose the most suitable method for each data set. 
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